This paper presents a new flood modelling tool developed by coupling a full 2D hydrodynamic model with hydrological models. The coupled model overcomes the main limitations of the individual modelling approaches, i.e. high computational costs associated with the hydrodynamic models and less detailed representation of the underlying physical processes related to the hydrological models.
Therefore, the aim of this work is to develop a robust and efficient tool for practitioners to perform urban flood modelling by coupling a hydrodynamic/hydraulic model with hydrological models.
There are normally three main types of method for coupling hydraulic and hydrological models: external coupling, internal coupling and full coupling (Morita & Yen ) . The simplest and most common type is external coupling which usually employs the pre-acquired hydrographs from hydrological models as the upstream and/or lateral boundary conditions for the hydraulic models, to provide a one-way but seamless transition (e.g. Anselmo et al. The internal coupling method has also been reported in the literature (Thompson ) , in which the governing equations of the hydraulic models and hydrological models are solved separately, with information at the shared boundaries updated and exchanged at each or several computational time steps (Morita & Yen ) . For example, Thompson () linked MIKE-SHE hydrological and MIKE 11 hydraulic models at several prescribed points along the river. Water levels calculated from MIKE 11 can be transferred to MIKE-SHE, and overland flows calculated by MIKE-SHE are fed back to MIKE 11 at these points throughout a simulation. Few studies report full coupling, due to the complication of reformulating and simultaneously solving governing equations in a single code base.
To relax the restriction of the computationally demanding hydrodynamic models for high-resolution urban flooding modelling, this study presents a new method for coupling hydraulic/hydrodynamic models with hydrological models for application in urban catchments. The proposed numerical method falls into the external coupling category. During a simulation, hydraulic and hydrological zones are first specified according to a design flood event. The runoff or net rainfall calculated by a lumped conceptual model, known as a water balance model (WBM) (Walker & Zhang ) , in the hydrological zones is routed with a group of pre-acquired 'unit hydrographs' (UH) to the hydraulic cells at the shared boundaries for higherresolution simulations utilising a full 2D hydrodynamic model (Liang ) in hydraulic zones. It should be noted that although drainage system network modelling is usually an important component in urban flood modelling, it is not included in the current modelling strategy as the flood event under consideration was mainly caused by the fluvial process and overtopping and damage of flood defences.
COUPLED HYDROLOGICAL AND HYDRODYNAMIC MODEL
This section introduces the coupled hydrological and hydrodynamic model as proposed, in which a catchment is required to be first divided into hydraulic zones and hydrological zones according to a design flood event.
Hydraulic and hydrological zones
Before an actual simulation, the full 2D shallow flow model (Liang ) is used to predict a design flood event in the research domain, driven by design rainfall and design inflow hydrographs at the river boundary points. To reduce computational time, the design flood simulation is run on lower-resolution grids to rapidly obtain the preliminary inundation extent. The areas inundated by the design flood are preliminarily regarded as hydraulic zones, while the rest of the domain is specified as hydrological zones.
The design flood event will be chosen to be more severe than the simulated event to ensure the validity of the domain partition. In the adopted one-way external coupling approach, flow from hydraulic zones to hydrological zones is not expected. Areas less likely to be inundated, with relatively higher elevations and steeper local slopes, may also be specified as hydrological zones, which can be determined by checking the digital elevation model (DEM) and land cover maps of the research domain.
Full 2D hydrodynamic model
Assuming hydrostatic pressure distribution and omitting the viscous terms, the well-balanced shallow water equations in the differential hyperbolic conservation form can be written as:
where t denotes time, x and y are the Cartesian coordinates, and the vectors representing conservative variables (u), fluxes (f and g) and source terms (s) are given by (Liang & Borthwick ) : (2) in which η represents water level; uh and vh give the unitwidth discharges, with h, u and v being the water depth and x-and y-direction velocity components, respectively; ss represents external source terms (e.g. rainfall/runoff);
ρ is the density of water; z b is the bed elevation; and g is the gravitational acceleration. The bed friction stress terms, τ bx and τ by , may be estimated using:
where C f ¼ gn 2 =h 1=3 is the bed roughness coefficient with n being the Manning coefficient.
The above shallow water equations are solved using a finite volume shock-capturing Godunov-type scheme, incorporated with an HLLC approximate Riemann solver for estimating the interface fluxes. Detailed implementation and validation of the numerical scheme can be found in Liang ().
Hydrological model
In this study, the lump conceptual WBM (Walker & Zhang ) is employed to estimate runoff production because of its simplicity and high efficiency. This conceptual WBM model is illustrated in Figure 1 , in which the catchment is treated as a container with a rainfall input and several outputs including infiltration, evapotranspiration and runoff.
The capacity of the container is the maximum surface storage of the catchment, which mainly depends on surface ponding, plant interception, etc. Once the water volume inside the container exceeds its capacity, surface runoff will occur. Interflow and base flow are not relevant to the current study and are therefore neglected for simplification.
The net rainfall transferring onto surface runoff can be evaluated by:
where RR is the net rainfall or surface runoff, PP is the total rainfall, EE is the evapotranspiration, f is the infiltration, and SS is the maximum surface storage.
In Equation (4), evapotranspiration may be considered negligible in the current study as only inundation events caused by relatively short-duration intense rainfall are considered. Additionally, the maximum surface storage can be ignored because each of the WBM domains is either a hydrological zone or an individual cell in hydraulic zones subdivided at relatively high resolution, which is usually covered by homogeneous topographic features with negligible ponding effect. Infiltration is assumed to be zero in the impermeable areas including rooftops, and is estimated using the Green-Ampt equation (Green & Ampt ) in the permeable areas:
where FF is the cumulative depth of infiltration; K s is the saturated hydraulic conductivity; ψ f is the matric pressure at the wetting front; θ a is the initial moisture content; θ s is the saturated moisture content. The selection of parameter values for different soil textures follows Rawls et al. () and Rawls & Brakensiek () . This equation is also used to estimate the infiltration (part of the ss term in Equation (2)) in the full 2D shallow flow model in the hydraulic zones.
Coupling method
The external coupling method is adopted in this work, which generally employs pre-acquired hydrographs from a hydrological model as the upstream and/or lateral boundary conditions to drive the hydraulic model, providing a oneway but seamless transition. Herein, the net rainfall that leads to surface runoff in hydrological zones (the left part in Figure 2 ) is first calculated using the WBM hydrological model. A UH method is then used to derive the corresponding hydrographs at the hydraulic cells at the border between the hydraulic and hydrological zones to drive the highresolution hydrodynamic simulations in hydraulic zones (the right part in Figure 2 ). Whilst providing a reliable approach to derive the boundary hydrographs to drive the full 2D hydrodynamic model, the UH method is easy to implement in this context. This work introduces a novel means to apply this classic method in flood modelling. As mentioned previously, flow from the hydraulic zones to hydrological zones is not considered.
It should be noted that the WBM model is not only applicable to the hydrological zones for calculating the net rainfall and lumped runoff production but also to the hydraulic zones to account for the hydrological processes in each of the hydraulic cells (e.g. the infiltration as mentioned before). In the hydraulic cells, the net rainfall resulting from the WBM model will be directly fed into the full 2D shallow flow model as an external source term.
The UH represents the hypothetical response of a catchment at the outlet to a unit input of uniform net rainfall.
In this work, the concept of a UH has been extended so that it is no longer limited to providing a hydrograph at the catchment outlet, but is applicable to the catchment zone border. In order to generate a UH at the zone border, the hypothetical net rainfall (10 mm for 15 minutes)
is applied to the hydrological zones, and the integrated full 2D shallow flow and WBM model is used to simulate the rainfall induced surface flow and subsequently derive the hydrographs at each of the bordering cells. These hypothetical hydrographs can be regarded as a group of generalised UHs. During real simulations, these UHs will be scaled and superimposed according to real net rainfall pattern in 
Summary of the simulation procedure
In summary, to apply the new coupled model to support flood modelling, the following steps will be taken:
(1) Collect and process spatial and non-spatial data for setting up models.
(2) Run the full 2D shallow flow model on a coarse grid to produce the preliminary inundation extent for a design flood event.
(3) Specify hydrological zone and hydraulic zones according to the inundation extent obtained in Step 2, as well as DEM and land cover maps.
(4) Use the full 2D shallow flow model to generate a group of UHs at the zone border cells, and subsequently obtain the scaled hydrographs according to 'real' net rainfall. The resulting floods inundated more than 950 properties 
Data
The data used in this work for setting up and validating models are summarised in Table 1 , including non-spatial data (observed records of rainfall, river discharge, water depth) and spatial data (digital terrain model (DTM), land cover map, soil types and flood extents). shown in Figure 5 , in which the highest daily rainfall of 
Simulation domain and catchment division
The simulation domain is selected to be a 19. extracted sub-catchment into hydraulic and hydrological zones.
When classifying the hydraulic and hydrological zones, only rough inundation extent is required and so simulations can be performed on a coarse grid at 5 m resolution to reduce computational cost. The resulting inundation extent is displayed in Figure 6 . The fluvial inundation area can be preliminarily regarded as a hydraulic zone, and local adjustments may be made according to the land cover. For example, in Figure 6 , the inundation area around point 'A' may be caused by local rainfall, but it is still included in the hydraulic zone because it is mostly covered by buildings and is close to the fluvial inundation area. The final hydraulic zone is outlined in Figure 6 
Model setup
The extracted sub-catchment/simulation domain is discre- border cells will then be used to drive the simulation in the hydraulic zone.
RESULTS AND DISCUSSION
The 2008 Details of these critical points are documented in Table 4 and Figure 9 .
In Figures 10-13 , the inundation maps at 11 am, 1 pm, faster than using the full 2D shallow flow model, and therefore the flow from the hydrological zone predicted by the coupled model may join the fluvial flood in the hydraulic zone earlier to produce a larger inundation extent at around 3 pm. However, this effect is less pronounced when the rainfall reduces, and so the two inundation extents become similar again at 5 pm, after the intense rainfall period terminates.
In comparison with the post-event investigated inundation maps, the two simulated inundation extents,
respectively from the coupled model and the full 2D shallow flow model, are observed to be larger at 11 am and 1 pm.
A closer match has been produced for flood extents at 3 pm.
At 5 pm the simulated inundation extents from both models achieve the closest overall match with the post investigation survey. The cause of this discrepancy may be due to limitations in the measured data. The Environment Agency debris data and the crowd-sourced information may not represent the full flood propagation process, and this means that the maximum inundation extent (at 5 pm) is likely to be much more reliable than the records at other times.
Water depths at the six critical points are recorded by both models and plotted in Figure 14 . At all of the critical points the water depths generally rise until reaching a peak, and then fall. After this, the water depths increase again to a second but lower peak before a final retreat of When compared with the measured water depths in the post-event investigation, obvious discrepancy can be found.
Results from both models give shallower depth than the measured data at P1 and P2 but deeper depth at P6. The full 2D shallow flow model performs better at P3 and P5, while the coupled model behaves better at P4. Negating elements of the draining process along with limitations of the crowd-sourced observation data may explain these • The computational domain/catchment is divided into hydraulic and hydrological zones according to a design flood event to ensure flows only occur from hydrological zones to hydraulic zones and hence facilitate an effective one-way coupling method.
• A lumped conceptual hydrological model is used to improve computational efficiency as well as maintain reasonable representation of hydrological processes.
• Overland flows into the hydraulic zone are estimated and distributed using a series of UHs generated by pre-running a hydrodynamic model.
• 
